Measuring genome size across different species can yield important insights into 23 evolution of the genome and allow for more informed decisions when designing next-generation 24 genomic sequencing projects. New techniques for estimating genome size using shallow 25 genomic sequence data have emerged which have the potential to augment our knowledge of 26 genome sizes, yet these methods have only been used in a limited number of empirical studies. In 27 this project, we compare estimation methods using next-generation sequencing (k-mer methods 28 and average read depth of single-copy genes) to measurements from flow cytometry, the gold 29 standard for genome size measures, using ground beetles (Carabidae) and other members of the 30 beetle suborder Adephaga as our test system. We also present a new protocol for using read-31 depth of single-copy genes to estimate genome size. Additionally, we report flow cytometry 32 measurements for five previously unmeasured carabid species, as well as 21 new draft genomes 33 and six new draft transcriptomes across eight species of adephagan beetles. No single sequence-34 based method performed well on all species, and all tended to underestimate the genome sizes, 35 although only slightly in most samples. For one species, Bembidion haplogonum, most sequence-36 based methods yielded estimates half the size suggested by flow cytometry. This discrepancy for 37 k-mer methods can be explained by a large number of repetitive sequences, but we have no 38 explanation for why read-depth methods yielded results that were also strikingly low. 39
The advent of modern genomics and the resulting deluge of data from next generation 41 sequencing (NGS) has been a tremendous boon to the biological sciences. In spite of this, many 42 foundational questions about genomes have remained largely unanswered. One such question is 43 why genomes vary so much in size: there is an over 3,000-fold difference between the smallest 44 and largest genomes in animals (Gregory, 2001) . Revealing the myriad evolutionary causes 45 behind this variation has proven to be a difficult and enduring challenge (Cavalier-Smith 1978, 46 Elliott and Gregory 2015) . One limitation to understanding genome size evolution is the relative 47 lack of knowledge of genome sizes in some of the larger clades of life, such as the arthropods 48 (Hanrahan and Johnston 2011 (Johnston et al. 2004 ), or 52 proliferation of non-coding DNA sequence (Gregory 2005) . Genome size has also been observed 53 to correlate with a variety of developmental factors, such as egg size and cell division rate 54 (Gregory 2001 (Li et al. 2010) , cultivated potatoes (Potato Genome Sequencing Consortium, 2011), the 89 agricultural pest Bemisia tabaci (Chen et al. 2015) , and oyster (Zhang et al. 2012). However, 90 these methods can also produce ambiguous or incorrect estimates. K-mer analysis of genomic 91 reads from a male milkweed bug produced estimates that were 60Mb to 1110Mb higher than the 92 approximately 930Mb flow cytometry genome estimate (Panfilio et al, 2018) , with the 93 magnitude of this overestimation increased at larger values of k. A separate study on the Bemisia 94 tabaci genome (Guo et al. 2015) found that k-mer estimates of one particular biotype were about 95 60Mb larger than those given by flow cytometry. An alternative approach to inferring genome 96 size from sequence data is to map NGS reads onto a set of putative single-copy genes using a 97 reference-based assembler to determine the average coverage for the set of genes as a whole, and 98 use that average as an estimate of coverage for the entire genome (Desvillechabrol 2016 , Kanda 99 et al. 2015 . 100
Despite the potential value of sequence-based genome size estimation methods, little 101 empirical research to verify them has been conducted. In most instances, these methods are 102 incidental to the overall project and are only applied to a single individual or species. In this 103 study, we perform three of these sequence-based genome size estimation techniques, focusing on 104 beetles in the suborder Adephaga, and compare the results to genome size estimates derived from 105 flow cytometry. A  T  E  R  I  A  L  S  A  N  D  M  E  T  H  O  D  S 108 Taxon sampling and specimen processing: Specimens were collected in Oregon and California 109 (Tables S1, S2 ). Specimens assessed with flow cytometry were collected live and chilled, and 110 their heads removed and stored at -80°C. The remaining portions of the beetles were stored in 111 95%-100% ethanol and retained as vouchers. Eight of these specimens were also sequenced 112 (Table S2 ). No flow cytometry was performed on Amphizoa insolens, Omoglymmius hamatus, 113
and Trachypachus gibbsii as sufficient numbers of specimens could not be collected at the time 114 of the study. These three species were only assessed using sequence-based methods. 115
To insure sufficient low-copy-number reference sequences would be available for read 116 mapping, six transcriptomes were also sequenced (Table S3 ). These transcriptomes were derived 117 from whole-body RNA extractions from individual beetles conspecific to those used for genomic 118 sequencing with the exception of Lionepha casta DNA4602, which is a close relative to 119
Lionepha "Waterfalls." Specimens used for transcriptome sequencing were either stored in 120
RNAlater (Thermo Fisher Scientific, Waltham, MA) or kept alive until RNA extraction (Table  121   S4 (Table S4) . 160 161 Read processing and de novo assembly: Slightly different protocols were used to assemble 162 genomes and transcriptomes. The reads of one representative of each of the eight species were 163 imported into CLC Genomics Workbench (GW) v9.5.3 (CLC Bio-Qiagen, Aarhus, Denmark), 164 and low quality and Illumina adapter contaminated reads were removed using the "Trim 165
Sequences" tool with a quality limit parameter of 0.05 and an ambiguity limit of 2. De novo 166 genome assembly was performed in GW using an automatic word and bubble size. 167
Transcriptome reads were quality and adapter trimmed using the Agalma workflow (Dunn, 168 Howison, and Zapata 2013), and then assembled using Trinity (Grabherr et al. 2011). 169 For genome size estimation using k-mer methods or read mapping, reads were 170 preprocessed. To insure consistent read length for read mapping and k-mer genome size 171 estimation, the raw reads were reprocessed using BBduk v37.62 from the BBTools package 172 (Bushnell 2017) . Reads containing Illumina adapters or other NGS artifact sequences, or with an 173 average quality score below 10, were discarded. 174
The relative quality of assemblies was assessed by identifying single-copy orthologs with 175 BUSCO v3 (Waterhouse et al. 2017) using the Endopterygota odb9 reference data set. In order to 176 identify and quantify repetitive elements, a random sample of 500,000 read pairs was generated 177 for each of the eight assemblies and analyzed with RepeatExplorer V2 ( haplogonum DNA2544 and Lionepha "Waterfalls" DNA3782) produced a single large (>16,000 186 bp) and several small (<2,500 bp) contigs. The six complete mitochondrial genomes and the two 187 largest contigs from DNA2544 and DNA3782 were combined in a single FASTA file. BBmap 188 was used to map reads from each library to these mitochondrial reference sequences (minid=0.7), 189 and the unmapped reads were used for subsequent "No Mito" read mapping analyses, which are 190 the primary focus of this paper unless otherwise stated. Although this will also remove from 191 consideration nuclear copies of mitochondrial DNA ("numts") that are similar enough to the 192 current mitochondrial genome, the fraction of reads that match mtDNA is low enough (0.14-193 2.81%; see below) that removing numts can have at most a minimal effect on the estimate of 194 genome size, especially as most of the reads that match mtDNA are presumably from the 195 mitochondria. indicated that the drop-off in relative coverage begins at roughly 75 bases from the ends of each 285 locus; we chose this value as the number of bases excluded by the script from each end. To 286 prevent outlier loci from skewing the calculated means, we included loci with coverage and 287 length values within three interquartile ranges of the median; loci with more extreme coverage or 288 length values were removed. The script then recalculates the average per-base coverage of each 289 locus in the reference set and uses these values to calculate the average genome coverage for the 290 library across all loci. 291
These average coverage values are then used as an estimate of the average coverage of 292 the genome, and genome size is calculated using the Lander-Waterman equation (Lander and 293 Waterman 1988), 294
where C is the coverage estimated by read mapping, L is read length, N is the total 295 number of reads, and G is the haploid genome length. 296 297 Cytogenetic methods: A total of 14 males of Bembidion haplogonum and three males of 298
Lionepha "Waterfalls" were examined for chromosome number and size; specimens came from 299 the same localities studied for genome size. In brief, Feulgen staining followed by squashing was 300 used; more details are given in Maddison (1985; . First and second meiotic metaphase and 301 anaphase were studied to determine chromosome number and sex chromosome system. 302 303 Data Availability: Raw genomic reads were deposited in the Short Read Archive of NCBI's 304
Genbank database under accession numbers SRR8518612 to SRR8518632 (Table 1) The supplemental tables are: 321 Table S1 . Information on genomic specimens sequenced. 322 Table S2 . Flow Cytometry values for specimens examined. 323 Table S3 . Information on transcriptomic specimens sequenced. 324 Table S4 . Additional details for methods used on transcriptomic sequencing specimens. 325 Table S5 . Additional details for methods used on genomic sequencing specimens. 326 Table S6 . Results of BUSCO analysis on eight genome assemblies using the 2442 gene 327 Endopterygota odb9 reference set. 328 Table S7 . Results of BUSCO analysis on six transcriptome assemblies using the 2442 gene 329 Endopterygota odb9 reference set. 330 Table S8 . GenomeScope results. 331 Table S9 . Summary of read mapping genome size estimates for the Regier and OrthoDB gene 332 sets using three different read filtering methods. 333 Table S10 . CovEST genome size (in Mb) and coverage estimates for two models, Basic and 334
Repeat, performed using a k value of 21. 335 Table S11 . Regier read mapping mean coverages before and after removing outliers using the 336 3*IQR rule. 337 Table S12 . OrthoDB read mapping mean coverages before ("Untrimmed") and after ("IQR 338
Trim") removing outliers more than three interquartiles from the median. 339 (Table 2) . The assembly lengths are substantially smaller than the 361 genome sizes inferred by both sequence-based and flow cytometric methods, indicating that 362 large portions of the genomes could not be assembled. The number of genes in each assembly 363 identified by BUSCO as "complete" (i.e., a putative orthologous gene found to similar to one of 364 the 2442 BUSCO gene groups, and whose length is within two standard deviations of the mean 365 length of the genes in that BUSCO group) varied greatly across the genome assemblies (Table  366 S6). 1,923 (78.7%) of the 2442 genes were completely found in Chlaenius sericeus DNA4821, 367
while Omoglymmius hamatus DNA3783 contained 178 (7.3%) complete genes. 368 A total of over 570 million reads were generated from the six transcriptomes (Table 3) . 369
The number of transcripts assembled ranged from 22,330 with Bembidion lividulum DNA4279 370 to 57,119 with Bembidion haplogonum DNA3229. As anticipated, BUSCO was able to locate 371 many more genes in the transcriptomic assemblies (Table S7) . 372
RepeatExplorer classified between 23.9% and 66.6% of the sampled reads as originating 373 from repetitive elements ( Figure S7 22 respectively). The specimens that failed to converge lacked obvious coverage peaks in their k-403 mer histograms, suggesting they did not have sufficient coverage for the GenomeScope model. 404
Coverage estimates of these specimens using read mapping provide support for this idea, as all 405 specimens that did not converge had an estimated coverage less than 26X, while only one 406 specimen whose coverage was less than 26X, Lionepha "Waterfalls" DNA3782, converged 407 (Tables S9, S10). A similar situation was observed for both CovEST models. All non-converging 408 specimens were estimated to have a coverage less than 13X for the "basic" model and less than 409 22X for the "repeat" model, with Lionepha "Waterfalls" DNA3782 again being the only 410 specimen to converge with a coverage below this level. This result is consistent the Vurture et al. 411
(2017)'s recommended minimum coverage of at least 25X coverage for an accurate estimate. 412
The successful analyses produced genome size estimates ranging from 1,113.7Mb for Bembidion 413 haplogonum DNA2544 to 264.0Mb for Trachypachus gibbsii DNA3786. 414
CovEST produced estimates for all 21 samples (Tables S6, S10), though the two models 415 behaved differently. The "repeats" model yielded estimates approximately double the size of the 416 "basic" model estimates, and the "repeat" model always produced the largest estimate among all 417 the sequence-based methods. 418 419 Read Mapping: There was no statistically significant difference between the estimates using the 420 Regier and ODB gene sets (two-sample t-test, p=0.1611). Removing mitochondrial reads 421 resulted, on average, in a modest increase in genome size estimates for both Regier (1.31%, s = 422 0.75%) and ODB (1.2%, s = 0.66%) gene sets (Table S9) . 423
In most samples, we observed that a small number of loci with notably high coverage was 424 removed by the gsec script. In all but one instance, excluding these loci had a minimal impact on 425 the average coverage (Tables S11, S12). The single exception, Omoglymmius hamatus 426 DNA3783, contained three Regier set loci with substantially higher coverage (>160X) than the 427 rest of the set (Figure 3 ), which ranged between 2.10X to 9.27X. The inclusion of these three loci 428 nearly doubled the estimated genome size. The high-coverage of these loci suggests that all or 429 part of these genes are multi-copy in this species, or their coverage is being inflated by 430 extraneous reads from an undetected source such as a pseudogene or contaminant DNA. Pterostichus melanarius had a coverage of <15X, and all five failed to converge. Of the samples 459 that did converge, the estimates for four of the five Chlaenius sericeus were within 6% of the 460 flow cytometric value. The estimates of the three Lionepha "Waterfalls" samples were not as 461 close, ranging between 6.8% and 17.5% lower than the true value. Curiously, the estimates for 462 all four Bembidion haplogonum were gross underestimates, around half the size of the flow 463 cytometry measurements. The coverage estimated by GenomeScope was double the value 464 expected for a species with a 2,118Mb haploid genome, leading to the underestimated genome 465 size. The k-mer histograms of Bembidion haplogonum DNA2544, the specimen with by far the 466 most reads, showed a distinct bimodal profile, with a large peak at 40X coverage and a shorter 467 peak at 80X. This is potentially indicative of a highly heterozygous genome (Vurture et al. 468 2017) . Interestingly, GenomeScope also estimated that all four Bembidion haplogonum genomes 469 consisted of upwards of 75% repetitive sequence, which is similar to the RepeatExplorer 470 estimate (Table S13) . A previous study has found that repeats, as well as high heterozygosity and 471 sequencing errors, can decrease the accuracy of genome size estimation using k-mer frequency 472 ). This suggests the large number of repetitive sequences in the Bembidion 473 haplogonum genome may be at least partially responsible for the observed underestimates. 474
The striking difference between the estimates of the two CovEST models, with "repeat" 475 consistently giving estimates twice the size of "basic," suggests that neither model is well suited 476 to all genomes. Genome size estimates of the five Chlaenius sericeus specimens were closer to 477 the true value using the "basic" model, while the opposite was true of the five Pterostichus 478 melanarius specimens. The CovEST "repeat" model was the sequence-based method which 479 came closest to correctly estimating the 2,100Mb genome of Bembidion haplogonum with 480 estimates ranging between 1,480Mb to 2,140Mb. This is an interesting result given that 481
Bembidion haplogonum was shown by RepeatExplorer and GenomeScope to have the most 482 repeat-rich genome of the eight species analyzed, suggesting that a priori knowledge of the 483 amount of repetitive content of a genome may be necessary in order to select an appropriate 484 sequence-based genome size estimation approach. 485 486 Read Mapping: The method we used to infer coverage from read mapping data (averaging the 487 coverage across many single-copy loci) is relatively simple. Despite its simplicity, this approach 488 managed to perform well in some species, particularly those with smaller genomes such as 489
Chlaenius sericeus and Lionepha "Waterfalls." Read mapping proved to be inconsistent when 490 estimating genome size in Pterostichus melanarius. As with GenomeScope, it consistently 491 underestimated Bembidion haplogonum by approximately half. 492
The reason for the underestimation of B. haplogonum genome size based on single-copy 493 read coverage is unclear. Unlike k-mer based methods, which can struggle to assess highly 494 repetitive genomes, the read mapping approach used in this study only infers coverage from 495 single-copy exonic regions. In principle, as long as the selected loci are truly single-copy and the 496 resulting sequence data exhibit no biases in regions sequenced, the estimated coverage should 497 approach the true coverage. It follows that the presence of repetitive sequences elsewhere in the 498 genome should have no effect on this estimate. In actual genomes, evolutionary processes 499 responsible for increasing the size of the genome, such as segmental duplication followed by 500 neofunctionalization or pseudogenization, can lead to the proliferation of genes with similar 501 sequences (Rastogi and Liberles 2005, Levasseur and Pontarotti 2011). Such processes can 502 complicate the selection of a single-copy reference gene set, especially if the group of organisms 503 being studied lacks genomic resources. 504
We considered the possibility that using a larger set of reference loci from Bembidion 505 haplogonum may yield a better coverage estimate. To test this, we repeated read mapping on 506
Bembidion haplogonum DNA2544 using the 1421 single-copy orthologs annotated by BUSCO 507 and "No Mito" reads. However, this gave coverage and genome size estimates (94.89X and 508 1,115.9Mb, respectively) that were very similar to the Regier (96.18X, 1,101Mb) and ODB 509 (93.36X, 1,134Mb) gene sets, which casts doubt on insufficient references as the cause. 510 511
Comparison of Flow Cytometry and Sequence-based Genome Size Estimates: No single 512
sequence-based estimation method proved to be accurate in all cases. Species with large 513 genomes, such as Bembidion haplogonum and Pterostichus melanarius, appear to present the 514 greatest difficulty for inference of genome size by sequence-based means alone. It is tempting to 515 speculate that the same factors responsible for inaccuracy of k-mer methods are at work in read 516 mapping, especially given that the two methods often yielded underestimates of similar 517 magnitude; however, it is unclear what those factors may be, and they are not necessarily of 518 equal consequence to the two methods. Although both methods use the same underlying reads to 519 estimate coverage, they rely on somewhat different assumptions and portions of the genome. For 520 example, read mapping focuses on coding regions, but k-mer analysis analyzes the entire 521 genomes (Vurture et al. 2017) . 522
The underestimation of the Bembidion haplogonum genome by half by most sequence-523 based methods, including read mapping, is particularly puzzling. A potential explanation that 524 28 could have accounted for this is recent whole genome duplication or copy number variation; 525 however, cytological examination showed no evidence of genome duplication, nor are such 526 events known in Bembidion or near relatives (Maddison 1985 , Serrano 1981 , 1998 . Bembidion 527 chromosomes do, however, possess several unusual characteristics. The number and shape of 528 chromosomes is remarkably consistent among species, with almost all species having males with 529 2n = 22+XY, a value shared by nearly all Bembidion, including B. haplogonum (Maddison 530 1985) . Each autosome consists primarily of a large heterochromatic central region flanked by 531 small euchromatic tails, and males exhibit achiasmatic meiosis (Maddison 1985 , Serrano 1981 , 532 1998 . Several species of Bembidion, including Bembidion lividulum, are also known to possess 533 highly replicated rDNA regions (Sproul and Maddison 2017) . It is possible that some of these 534 chromosomal properties are involved in the underestimation of genome size by sequence-based 535 methods, but this is purely speculative, as a mechanism that could account for this unknown. contain fewer reads derived from these repeats and more from the more AT-balanced protein-543 coding regions, violating a core assumption of the sequence-based genome size estimation 544 methods (i.e. all bases have an equal probability of being sequenced). The resulting coverage 545 estimates would be artificially increased, causing a decrease in the subsequent genome size 546
estimates. 547
This particular issue, however, does not seem to be the case with Bembidion haplogonum, 548 as the GC content of the reads identified as repetitive elements by RepeatExplorer (33.0%) is 549 nearly identical to the overall GC content of the library (32.2%). It was also unremarkable 550 compared to the GC content of the other seven species analyzed, which was 32.3% on average 551 and ranged from 29.0% to 36.5%. 552
A more interesting possibility is that some biological process is physically causing parts 553 of the genome to be disproportionately represented within nuclei. Flow cytometric estimates 554 compare the unreplicated DNA amount in the G1 peak of the sample with the G1 peak of the 555 standard. The G1 peak is typically the major peak. If the major peak is G2 rather than G1 the 556 estimate will be a 2C value or twice the value assigned as a 1C. An increase in DNA per nucleus 557 is also created by underreplication, a process by which portions of the genome are replicated 558 more slowly during cell growth and division, resulting in fewer copies of certain parts of the (Table S14) , and observed that 563 genomic sequence from polytene salivary gland cells produced genome size estimates 564 significantly (two-sample t-test, p=0.000028) lower than those derived from unreplicated 565 embryonic cells, by an average of 36%. While cytological study of Bembidion haplogonum 566 effectively rules out any polytene-like chromosomal structures in the tissues sequenced for this 567 study, it is possible some other process, perhaps related to the unusual characteristics of 568
Bembidion chromosomes, is causing significant underreplication in the genome. 569
Increasing our knowledge of genome sizes across the tree of life is important for a deeper 572 understanding of genomic evolution, but the pace of this increase is currently very slow. In this 573 paper we have presented the first published flow cytometry estimates for five species of carabid 574 beetles; although this nearly doubles the number of carabids with genome size estimates, we now 575 have flow-cytometric estimates for less than 0.03% of carabid species. 576
With the explosion of short-read sequence data, and the development of methods to infer 577 genome sizes from these, the pace may increase, if the sequence-based methods are accurate 578 enough. We found that some of the sequence-based estimation techniques we investigated were 579 consistent with flow cytometry in some species, but no single technique was uniformly 580 congruent with flow cytometry. Flow cytometry should be the preferred option for estimating 581 genome size when live material and adequate resources are available. In cases where this is not 582 possible, especially when working with rare or extinct organisms, sequence-based methods can 583 provide an initial estimate of the size of a genome, and they may be well suited for cases when 584 the genome is likely to be small and non-repetitive. However, our work shows that these 585 techniques can also be misleading, particularly in large or highly repetitive genomes. Further 586 study on more genomes with different properties is necessary to better understand the strengths 587 and weaknesses of these methods. 588 Tables TX02 and S3 ). CovEST Basic, CovEST 782
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